The disintegration by the emission of y-rays of the metastable isotope of radio-bromine was investigated by the method of the cloud chamber. The principal y-ray was found to have an energy of 47 kV and a coefficient of internal conversion in the K shell of 0-43. Confirmation of a weaker y-ray of 37 kV was also obtained.
Introduction
Although there are only two isotopes of bromine, the bombardment of this element by slow neutrons produces three radioactive fo rm s which disintegrate with the periods 18 min., 4*4 and 34 hours respectively. * The 34 hr. period has been shown to belong to an active isotope Br82, leaving the other two forms to be associated with the isotope Br80. The Br80 nucleus is formed from Br79 by the capture of a neutron and decays with the emission of /?-rays with a period of 18 min. It has become clear, however, that the neutron may alternatively be captured into an excited level, leaving the Br80 in a metastable state which returns to its normal 18 min. form by the emission of y-rays with the period of 4-4 hr.
In this paper an account is given of experiments by the cloud chamber method. As indicated in a previous note, the results will be shown to indicate homogeneous energy groups of electrons due to the internal conversion of the y-rays of the metastable nuclei, superimposed on the continuous /?-ray spectra of the 18 min. and 34 hr. isotopes.
I t was found necessary only to measure electron energies up to about 50 kV, and this was accomplished by measuring the lengths of the tracks. The conversion of ranges into energies was made, using the known relation between energy and range in oxygen, which was the gas used in the cloud chamber (Williams 1931) and corrections for vapours present were made on the assumption that the mean range of a slow /?-ray passing through matter is inversely proportional to the number of electrons per cubic centimetre of the matter.
The energy spectrum of the /?-rays above 50 kV has already been deter mined (Alichanov, Alichanian and Dzelepow 1936) .
Two sets of experiments were made. In one set the lengths of tracks of electrons, starting from especially prepared thin films of radio-bromine compounds suspended in the chamber, were measured. Under the experi mental conditions valid energy determinations down to 20 kV were made.
In the second set of experiments radioactive ethyl bromide was intro duced into the chamber and the tracks of electrons starting in the gas of the chamber were observed. In these experiments energies down to 20 kV were measured.
Many of the tracks starting in the gas were found to be accompanied by other very short tracks starting at the same points. The internal conver sion of the y-rays of the metastable nuclei gives rise to the characteristic K and L X-rays of bromine. The very short tracks were then the Auger electrons due to the K X-rays of bromine. The Auger electron tracks corresponding to the L X-rays would be too short to be observed.
Preparation of the foils
A technique was devised whereby thin layers of radio-bromine com pounds of very high concentration were formed on inert surfaces suitable for suspension in the cloud chamber.
The following behaviour characteristic of the radioactive halogens was observed in the course of some preliminary experiments and was utilized as a technique for obtaining very thin radioactive deposits.
If ethyl bromide, say, is activated by slow neutrons the radio-bromine, in whatever form it may be, can largely be removed from the liquid simply by immersing metal foils in it. This effect is independent of the nature of the metal surface and roughly equal concentrations are obtained on platinum, stainless steel, silver and copper. On the other hand, nonmetallic surfaces are not activated in this way. Experiments with Geiger counters showed that the activity of these foils decayed with time in the same way as the radioactive ethyl bromide, and that the activity was clearly due to radioactive bromine atoms.
Accordingly very thin cellophane was sputtered with silver on one side, and immersed in ethyl bromide that had been activated by bombardment with slow neutrons during a period of 13 hr. Since there is no appreciable transfer of activity to cellophane surfaces, in this way thin foils radioactive only on one side were prepared.
Two essential uncertainties arise in the determination, by range measure ments, of the energies of electrons starting from the radioactive surfaces of these foils.
The first is due to the finite thickness of the radioactive layer of material on the cellophane foils. However, the total stopping power of the sput tered silver and the radioactive layer that it picked up could easily be reduced to the equivalent of a few tenths of a millimetre of air, while the activity of the surface was still intense enough to give 2-3 tracks per expansion. The radon-beryllium sources used in the activation of the ethyl bromide were 50-80 millicuries strong.
The second type of error arose because tracks starting from the foils did not quite join up to them. The number of tracks from a given foil observed in each expansion depends directly on the time for which the chamber is supersaturated before illumination. The longer this is, the larger is the number of tracks observed but they were found to have greater separation from their surfaces of origin.
With the available radon-beryllium sources, it was found that to reduce this separation below a maximum of about 3 mm., too great a reduction in the average number of tracks per expansion would have been necessary.
The effect of these uncertainties on the accuracy of electron energies determined by range measurements, while important at low energies, is small at higher energies. The error in the energy estimation of a 20 kV electron by range measurements uncorrected for these two causes of inaccuracy is about 10 %, so that in these experiments energy spectra were only traced down to 20 kV. Energy measurements below this were made on electrons starting in the gas of the chamber.
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Radioactive ethyl bromide in the chamber
In these experiments up to 1-5 c.c. of radioactive ethyl bromide was squirted into the chamber. Alcohol and water was the condensing agent, and it was found that the best yield of tracks starting in the gas was obtained by using as little as possible of this mixture.
Ethyl bromide directly activated by slow neutrons could not be used as the yield of tracks starting in the gas was in this case always very low. Probably this was due to that transfer of activity to the metal surface of the chamber described above.
Some experiments were made in an attempt to influence the adsorption of activity on metal surfaces by simple physical and chemical means. The application of electrostatic fields was found to have no effect. Neither did the distillation of the liquid. Free bromine added to the liquid completely stopped the adsorption to those metals such as platinum, which are not attacked by bromine.* But, of course, free bromine could not be intro duced into a cloud chamber. The way adopted out of this difficulty was to prepare the ethyl bromide from radioactive bromine. This ethyl bromide did not lose its activity to metal surfaces.
For this purpose radio-bromine was prepared by the method of Szilard and Chalmers. A little bromine dissolved in a large bulk of w-butyl bromide was irradiated by slow neutrons for 13 hr., and after the irradiation the bromine was extracted by caustic soda, recovered by distillation with hydrochloric acid, and converted into ethyl bromide by distillation with alcohol and red phosphorus. After shaking the distillate of ethyl bromide with sodium carbonate to remove any free acid, and then re-distilling it in vacuo, it was sufficiently pure for introduction into the Wilson chamber. That is to say, that, after its introduction, the chamber could rapidly be cleaned after the expansion had been adjusted to its new correct value. This value depended on the amount of ethyl bromide introduced, but was usually about 1-19. The use of larger amounts of ethyl bromide and higher ratios made the cleaning of the chamber difficult and uncertain. The whole time involved from the end of the irradiation to the commencement of the photography was less than two hours, while the half life of the meta stable nucleus is 4*4 hr.
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The tracks of the electrons were reprojected on to a screen through the stereoscopic pair of lenses which photographed them, and their lengths were found from co-ordinate measurements at various points throughout their paths.
It is clear that such energy determinations could only be made on tracks which begin, end, and have their entire paths in the illuminated part of the chamber.
The observed number of tracks of any particular length must be multi plied by a factor or weight to give the number of tracks which would be observed in the whole solid angle. * This observation gives rise to an alternative way of preparing thin active foils, which was, in fact, used in some of the experiments. The silver sputtered cellophane was attached to a rhodium plated frame and together with the frame was immersed in the activated ethyl bromide to which a little free bromine had been added. Active deposit was formed on the silver but not on the frame or the unsilvered side of the cellophane. While greater strengths could be obtained, it was necessary to use greater thicknesses of sputtered silver.
Owing to atomic impacts, tracks of electrons in the energy range measured are by no means straight, and in calculating the weight to be ascribed to a track, the linear separation of its end-points was taken as a measure of its length.
The factor was then given by the ratio of the total solid angle to the solid angle available for the track to lie in the illuminated part of the chamber.
The factor to be applied to a track of given length as defined above depends on the position of the origin of the track. In the first set of experi ments the origins of the tracks were confined to the centre of the chamber where the foils were suspended, and as the range of the fastest electrons measured was less than the radius of the chamber, the solid angle was defined only by the depth of the light beam illuminating the chamber. The origins of the tracks starting in the gas of the chamber are, however, distributed at random throughout the chamber and many lie near the walls, so that tracks starting at these points are cut off by the walls as well as by passing out of the light. This materially reduced the number observed and so increases the factors to be applied to the higher energy tracks. Owing to statistical fluctuation of the reduced number of these tracks, little reliance could be placed on their calculated total number; for this reason the energy spectrum of the electrons starting in the gas, while it could be traced down to 10 kV, was not extended above about 40 kV. Figure 1 gives the energy distribution of the electrons up to about 50 kV, and was constructed from the experiments in which tracks start from the foils. It shows two peaks at 33 and 46 kV, and although the latter contains relatively few tracks its position agrees with the existence of a single y-ray line, the two peaks corresponding to the conversion of this y-ray in the K and L shells of the bromine atom.
The energy spectra
In figure 2 is traced the same curve derived from the electrons starting in the gas of the chamber. This curve only exhibits the K conversion peak, since, because of the statistical fluctuation explained above, it was not possible to extend the curve much above 40 kV.
The three results obtained together agree with the existence of a single y-ray line of about 47 kV, the value previously reported (Siday 1939) being 10 % too low. Valley and McCreary (1939) have also reported the existence of this line, their more recent value being nearly 49 kV. Their results were based The y-ray transition of radio-bromine on magnetic methods and should, without question, be more accurate than those based on cloud chamber methods as, owing to straggling, peaks obtained by the latter method are essentially broader. The shape of the K conversion peak in figure 1 agrees fairly well, in fact, with the theoretical distribution due to straggling, so that its very considerable breadth arises largely from this cause.
R. E. Siday energy of electrons in kV F igure 1
Valley and McCreary have also reported the existence of a very much weaker y-ray line whose energy they now give as either 25 or 37 kV, the ambiguity arising from the uncertainty of the origin of the electrons they observed, i.e. whether they arose from a or an conversion. However, Grinberg and Rossinow (1940) have observed this ray directly, and shown it to be of 37 kV energy.
In figure 2 the presence of these would be masked by the background of the slow /?-rays of the continuous /?-ray spectrum of the 18 min. isotope, and by statistical fluctuation. In order to investigate this point, a larger number of tracks starting in the gas were observed and measured, and an energy spectrum was con structed of those tracks which had Auger electrons at their origins, and were therefore unambiguously due to K conversion electrons.
The spectrum is shown in figure 3 . The small peak is sufficient to identify the /?-ray line of Valley and McCreary as due to a A conversion confirming that it arises from a 37 kV y-ray.
The coefficient of internal conversion
From a study of the number of /?-rays emitted by the 18 min. isotope in a particular set of experiments, and their rate of decay, it is possible to calculate the number of metastable 4-5 hr. nuclei disintegrating in the same set of experiments. Were there only one y-ray emitted by the meta stable nucleus, the number of these nuclei disintegrating would be equal to the number of these y-rays emitted, and their coefficient of internal conversion would be given by the ratio of the number of conversion elec trons emitted in these experiments to the calculated number of metastable nuclei disintegrating.
A particular difficulty arises from the existence of two y-rays. This indicates alternative methods of disintegration of the metastable nucleus. Figure 3 shows that the K conversion spectrum of the 37 kV line is very much weaker than that of the 47 kV line. Now it is most likely that the coefficients of conversion of these two y-rays in the K shell are of the same order of magnitude. In fact it is to be expected that the 37 kV y-ray has a higher coefficient than the 47 kV y-ray. Figure 3 shows that unless the 37 kV y-ray has a very much smaller coefficient than the 47 kV y-ray, the metastable nucleus has a very much higher probability of emitting a 47 kV y-ray, so that the total number of these nuclei disintegrating can be taken as the total number of y-rays emitted.
In order to calculate the coefficient of internal conversion of the 47 kV y-ray, it is clearly necessary to distinguish experimentally between the /?-rays, derived from the 18 min. isotope, and the conversion electrons. By inspection, the electron tracks can be divided into two groups, one be longing to electrons having energies greater than 50 kV, and the other to electrons having energies less than this. The former consists entirely of /?-rays derived from the 18 min. isotope, while the latter consists partly of these /?-rays, but mainly of conversion electrons. Figure 1 shows that the electrons up to 50 kV fall under two peaks at the K and L conversion energies of the 47 kV y-ray; and that owing to straggling these peaks extend up to about 40 and 50 kV respectively. The bulk of the tracks lie in the K peak and these can be separated into /?-rays and conversion electrons as follows.
In the experiments in which tracks start in the gas of the chamber, about 40 % of the tracks falling in the K peak were found to have asso ciated with them the Auger electrons derived from the K X-rays of bro mine. Since the probability of an Auger conversion for the K X-rays of bromine is 0-55 it follows that about three-quarters of the electrons on the K peaks are conversion electrons.
I t is not possible to observe the very short tracks belonging to the L Auger conversion of the L X-rays of bromine and so the proportion of conversion electrons to /?-rays in the L peak could not be accurately determined. Assuming that the continuous /?-ray spectrum of the 18 min. isotope does-not show any sharp maximum below 50 kV, however, about one-third of the tracks in this peak are conversion electrons. The number concerned is, however, small compared with the number in the K peak.
The estimation of the coefficient of internal conversion was made therefore in the following steps:
(1) Calculation of the total number of conversion electrons emitted in a particular set of experiments.
(2a) Calculation of the total number of 18 min. nuclei disintegrating in the same set of experiments from the number of /?-rays observed.
(26) Calculation of the number of metastable nuclei disintegrating from the number of 18 min. /?-rays and their rate of decay.
The coefficient of internal conversion was then given by the ratio of the number of conversion electrons to the number of metastable nuclei disintegrating.
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(1) The total number of conversion electrons In the chosen set of experiments the total number of tracks emitted from the radioactive side of the foil was 256 in the K peak, and 48 in the L peak. These numbers were calculated from the observed numbers by multiplying by the factor or weight described above.
The number of K conversion electrons emitted from both sides of the foil was therefore given by f. 256x2 = 384, and the number of L conversion electrons by £ .48x2 = 32.
Also, the total number of primary /?-rays in both groups is 512-(384+ 32) = 96.
(2 a)
The total number of fi-rays The total number of primary /?-rays of energies up to 50 kV is, then, 96. All the rays of greater energy are primary /?-rays. The total number of these could not be found by directly counting all those that could be dis tinguished on the photographs. The number obtained from such a count would be low because tracks steeply inclined to the vertical foils have very short lengths projected on the plane of the chamber and are easily missed, especially among the more heavily ionizing low energy electrons.
From the apparent length of a track of a /?-ray the angle this track makes with the plane of the chamber can be calculated, since the observed length is determined by the configuration of the illuminated part of the chamber.* Accordingly, by measuring tracks whose projected lengths are not less than some value l, only tracks confined to an angle 6 with the plane of the chamber are counted. Table 1 gives the number N of tracks whose projected lengths are not less than l, and the calculated angle d with the plane of the chamber in which they are confined. Assu m in g uniform angular emission of the tracks emitted from the foils the ratio A/sin 6 should be constant and equal to the total number of tracks emitted into the full solid angle. The values of the ratio iV/sin 0 in table 1 show how the number of short tracks counted was low, the value in the first column being small. The values in the last columns are also low as tracks of this length begin to be cut off 'by the walls of the chamber. The total number of tracks taken from the second and third columns is 1760, which, together with the 96 /?-rays of energy less than 50 kV, brings the total number of /?-rays emitted in these experments to 1850.
(2 b) Calculation of the number of metastable atoms disintegrating
The 18 min. isotope which emits the continous /?-ray spectrum is formed in two ways. First, it is formed by neutron capture in the irradiation of bromine by neutrons; and secondly, it is formed through the decay* of the metastable 4-4 hr. form.
The foils were activated for three times the period of the metastable nucleus. If m atoms of the 18 min. isotope were formed per minute of the activation, the number of primary /?-rays emitted from a time to a time T after the irradiation had stopped is given bŷ 
Ai
where Ax is the decay constant corresponding to 18 min. and is equal to 0-69/18 min."1.
Again, if n0 atoms of bromine are excited into the metastable state per minute of the irradiation, these will produce during the same period of time a number of /?-rays given by j*PdT, (2) 7) where P = 7--7-[ A2 e-Ai1 -Aj *]
A2 -Ai
to sufficient accuracy, and n = |w0. Table 2 gives the number of /?-ray tracks on the photographs covering different periods of time t -T after the irradiation had been completed together with the corresponding values of 1 and 2 which were calculated in terms of m and n.
The numbers of tracks appearing in table 2 have been corrected for the tracks which belong to the 34 hr. isotope. The relative intensity of these rays to those belonging to the 4-4 hr. period form is 0-6 (Snell 1934). This correction amounts to about 20 % of the observed number of tracks, and it was assumed that three-quarters of these had energies above 50 kV. Neglecting the last column, the following equations in m and n result: 159 = 18'3w + 2-3w, 94 = 16-4» + 0*'46m, 125 = 18*0to+ l*4m, 81 = 14'6n. + 0'23ra. 110= 17-lw + 0-80ra, The values of m and n * derived from these equations by the method of least squares are n = 5-1, m = 26.
The last column was neglected, as the contribution of the m term in it to the total number of tracks is only three tracks, so that no reliable estimate of m could be derived from it.
The total number of /?-rays observed on the photographs throughout the whole time of the experiment was 647 (excluding those belonging to the 34 hr. isotope), and the number of metastable atoms decaying corre sponding to these is given by -( e -M « -e -Ai130) = 357.
The numbers used in these equations are the numbers of observed /?-rays, and it has been shown that the total number of /?-rays is obtained by multiplying by the factor ^rir-The number of 18 min. atoms decaying over the period represented by the photographs is then i^r 6 -x 357 = 900.
The number of K electron tracks is 384, so that the -ST-shell internal conversion coefficient is 384/900 = 0-43, and the coefficient in the L shell is about one-tenth of this.
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